Introduction {#Sec1}
============

Melanin-concentrating hormone (MCH) is a cyclic neuropeptide originally isolated from salmon pituitary where it induces paling of the skin (Kawauchi et al. [@CR9]). In rodents and human, MCH exists as a 19-amino-acid-long peptide which is mainly synthesized in the lateral hypothalamus and the zona incerta (Mouri et al. [@CR13]; Qu et al. [@CR15]; Vaughan et al. [@CR20]). In rodents, MCH interacts with one receptor, MCH1R (Bachner et al. [@CR1]; Chambers et al. [@CR3]; Lembo et al. [@CR11]; Saito et al. [@CR16]; Shimomura et al. [@CR19]). MCH1R is widely expressed in the brain suggesting that the MCH system might have diverse physiological functions (Bittencourt et al. [@CR2]; Saito et al. [@CR17]). In rodents, MCH has been shown to regulate energy homeostasis (Pissios et al. [@CR14]). Acute central MCH administration increases food intake, and chronic administrations increase body weight, white adipose tissue mass, and liver mass in mice (Ito et al. [@CR7]). MCH levels are increased upon fasting and MCH is overexpressed in the hypothalamus of *ob/ob* mice (Qu et al. [@CR15]). Mice lacking prepro-MCH are lean due to hypophagia and an increase in metabolic rate (Shimada et al. [@CR18]). MCH1R knockout mice are lean; however, they are hyperphagic and hyperactive (Marsh et al. [@CR12]). Furthermore, MCH1R knockout mice are resistant to diet-induced obesity (Chen et al. [@CR4]). These evidences suggest that MCH is important in regulating energy homeostasis.

To identify specific roles of the MCH system in coordinating energy homeostasis, we examined the metabolic and behavioral responses of MCH1R knockout (KO) mice subjected to increased dietary fat. This environmental stimulus affects energy homeostasis through the hypothalamic pathways which maintain the integrity of the body's basal metabolism. Since MCH is a hypothalamic peptide which has been shown to modulate feeding response and metabolism, we studied its roles in metabolic adaptations to high-fat diet by using mice lacking the MCH1R.

Previous studies have shown that MCH1R KO mice have lower body weight and fat mass than wild-type (WT) mice upon chronic high-fat diet (Chen et al. [@CR4]; Marsh et al. [@CR12]). These studies, however, focused only on the long-term consequences of exposure to high-fat diet (Chen et al. [@CR4]). MCH1R KO mice have been subjected to moderate high-fat (MHF) diet and have exhibited similar level of enhanced running wheel activity to WT mice (Zhou et al. [@CR21]). This suggests that MCH1R is not required for acute activity-based energy expenditure upon a change in diet composition. Our study therefore focused on how acute exposure to high-fat diet affects metabolic adaptations in MCH1R KO mice.

Materials and Methods {#Sec2}
=====================

Animals {#Sec3}
-------

MCH1R knockout mice obtained from Merck (Marsh et al. [@CR12]), backcrossed to a C57BL/6 backgrounds, were used for all the experiments. Animals were group-housed and maintained on a 12-h light/dark cycle (lights on at 07:00) with food and water available ad libitum. For studies measuring feeding and metabolism, mice were single housed for the accurate measurement of individual animal. All experimental procedures were performed in compliance with NIH Guide for Care and Use of Laboratory Animals and approved by the UCI Institutional Animal Care and Use Committee.

Metabolic Measurements {#Sec4}
----------------------

VO~2~ and VCO~2~ were simultaneously measured by indirect calorimetry (Oxymax, Columbus Instruments, Columbus, OH, USA). Mice were acclimatized to the chamber at least for 2 days. Mice were individually housed in specially built plexiglass cages (20 cm × 10.5 cm × 12 cm) through which room air is passed at a flow rate of 0.52 l/min. Exhaust air from each chamber will be sampled at 5-min intervals. Sample air was sequentially passed through O~2~ and CO~2~ analyzers (Columbus Instruments) for determination of O~2~ and CO~2~ content. Metabolic rate (calorie per hour) was calculated from the following equation: (3.815 + 1.232 × RER) × vO~2~, where RER is the respiratory exchange ratio \[volume of CO~2~ produced (ml/kg body weight/h) per volume of O~2~ consumed (ml/kg body weight/h)\] and vO~2~ is the volume of O~2~ consumed per hour. After they were adapted to the chamber, food was switched to a high-fat diet (HF) diet (D12451, 45% kcal fat; Research Diets, New Brunswick, NJ, USA). Mice were left in the chamber three more days to examine any changes in their metabolism.

Data Analysis {#Sec5}
-------------

Prism software (GraphPad, San Diego, CA, USA) was used for statistical analysis. Results were analyzed by *t* test or ANOVA followed by the appropriate post hoc comparisons, and *p* \< 0.05 was considered statistically significant.

Results {#Sec6}
=======

Metabolic Responses of MCH1R Knockout Mice to High Fat Diet Consumption {#Sec7}
-----------------------------------------------------------------------

Acute metabolic responses to changes in caloric content were examined using diets differing in fat contents. WT and MCH1R KO mice that have been raised on a low-fat diet (LF) were placed on a HF diet. As previously reported (Marsh et al. [@CR12]), MCH1R KO mice were hyperphagic while they were exposed to LF diet (+*p* \< 0.05 vs. WT; Fig. [1a](#Fig1){ref-type="fig"}). In WT mice, transition to the HF diet led to a marked increase in their food consumption, in particular for the first 24 h, perhaps due to novelty or palatability of the HF diet (\**p* \< 0.05; Fig. [1a](#Fig1){ref-type="fig"}). In contrast, MCH1R KO mice showed decreased feeding tendency. Overall, food intake of MCH1R KO mice, upon switch to a high-fat diet, was slightly lower than the one of WT mice but this was not statistically significant (Fig. [1a](#Fig1){ref-type="fig"}). However, WT mice food intake returned to normal levels during 48--72 h of HF diet (in comparison to that on LF diet), whereas that of MCH1R KO mice was maintained at a significantly lower level (\*\*\**p* \< 0.001 compared to LF diet). WT mice increased their body weight upon HF diet whereas MCH1R KO mice lost body weight (\*\*\**p* \< 0.001; Fig. [1b](#Fig1){ref-type="fig"}). MCH1R KO mice' feed efficiency (weight gain per kilocalorie ingested) was significantly lower than the WT mice fed with HF diet (\*\*\**p* \< 0.001; Fig. [1c](#Fig1){ref-type="fig"}), suggesting that the KO mice' reduced weight gain may not simply due to hypophagia but due to metabolism. Figure 1Food intake and feed efficiency of MCH1R knockout mice in response to switching from low-fat (*LF*) to high-fat (*HF*) diet. **a** Food intake pattern during low-fat diet (*LF*) and 0--24, 24--48, and 48--72 h after switching to a high-fat diet (HF) in WT (*white bars*) and MCH1R KO (*black bars*) mice (\**p* \< 0.05, \*\*\**p* \< 0.001 compared to LF; +*p* \< 0.05 compared to WT; two-way ANOVA followed by Bonferroni posttests for multiple comparisons). **b** Body weight gain in WT and MCH1R KO mice during 72 h of HF diet (\*\*\**p* \< 0.001 compared to WT; unpaired *t* test). **c** Feed efficiency of WT and MCH1R KO mice during 72 h of HF consumption. Feed efficiency was calculated by dividing body weight gain with the amount of calories that each animal consumed over 72 h (\*\*\**p* \< 0.001 compared to WT; unpaired *t* test)

Diet-induced thermogenesis is proportionate to caloric consumption and represents an important component of energy homeostasis. To study whether the MCH system regulates diet-induced thermogenesis upon exposure to a high-fat diet, energy expenditure was monitored in WT and MCH1R KO mice when they were exposed to a high-fat diet.

Exposure to HF diet significantly increased oxygen consumption (VO~2~) in both WT and MCH1R KO mice during the first 24 h (\*\**p* \< 0.01 compared to LF; Fig. [2a](#Fig2){ref-type="fig"}). WT mice still showed slightly increased tendency of VO~2~ during HF 24--72 h. However, VO~2~ of MCH1R KO mice during 48--72 h of HF returned to basal levels. This level is similar to the one while they were fed with LF diet. The respiratory exchange ratio (RER; VCO~2~/VO~2~) is another parameter measuring metabolism and is an indirect measure of the ratio of carbohydrates and fats being oxidized to fuel metabolism. High RER indicates decreased utilization of fatty acids relative to carbohydrates and a low RER indicates increased fat utilization (Ferrannini [@CR5]). Previous studies show that low fatty acid oxidation is a risk factor for the development of obesity. During the first 24 h of HF diet, RER increased significantly in WT mice (\**p* \< 0.05 compared to LF), presumably due to acute influx of carbohydrates. In contrast, RER of MCH1R KO mice decreased significantly (\*\**p* \< 0.01 compared to LF) which suggests that the KO mice increased their fat utilization. After 48--72 h of HF diet, the RER of the WT mice returned to their baseline whereas that of the MCH1R KO mice remained significantly low (\*\*\**p* \< 0.001 compared to LF; Fig. [2b](#Fig2){ref-type="fig"}). Figure 2Oxygen consumption (*VO*~*2*~) and the respiratory exchange ratio (*RER*) of MCH1R knockout mice in response to switching from low-fat (*LF*) to high-fat (*HF*) diet. **a** VO~2~ in response to switching from low-fat diet to high-fat diet (\*\**p* \< 0.01 compared to LF; two-way ANOVA followed by Bonferroni posttests for multiple comparisons). **b** RER in response to switching from low-fat to high-fat diet (\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001 compared to LF; two-way ANOVA followed by Bonferroni posttests for multiple comparisons)

These data indicate that reduced feed efficiency of the MCH1R KO mice upon high-fat diet is not caused by a decrease in appetite alone. It correlates with an increased fatty acid oxidation which is evidenced by their lower RER value (Fig. [2b](#Fig2){ref-type="fig"}). This suggests that blockade of the endogenous MCH system might boost fat burning process upon increased dietary fat consumption and that this might have caused the resistance to body weight gain in MCH1R KO mice.

Discussion {#Sec8}
==========

The MCH system has been extensively studied for its roles in regulating energy homeostasis (Pissios et al. [@CR14]). These data have suggested that the MCH system may be involved in many situations where energy homeostasis is perturbed. We chose to study the MCH system's potential role in diet-induced thermogenesis induced by increased dietary fat consumption. This stimulus has been shown to affect the hypothalamic pathway which maintains homeostasis. In this report, we use MCH1R KO mice to show that the MCH system is involved in maintaining homeostasis when animals are exposed to increased fat consumption.

We show that the MCH system is involved in the adaptation to high-fat diet provided acutely. When they were fed with normal chow, MCH1R KO mice showed hyperphagia as previously described, possibly secondary to their increased metabolism and activity (Marsh et al. [@CR12]). In young and lean animals, transition from low- to high-fat diet leads to a marked hyperphagia due to the novelty and palatability of the high-fat diet. This transition is then followed by a reduced food intake to account for the higher energy content of the diet. MCH1R KO mice, however, did not exhibit hyperphagia but instead an immediate reduction in food intake. This suggests that MCH1R KO mice do not show a tendency to prefer high-fat diet. Most notably, the feed efficiency of MCH1R KO mice during the 72 h of HF diet was significantly lower than that of WT mice which suggests that the MCH system might regulate metabolic responses upon exposure to high-fat diet. This led us to monitor the acute metabolic changes of these mice upon high-fat diet consumption by monitoring their RER and VO~2~.

When exposed to high calorific food in mice, VO~2~ increases due to increase in locomotor activity. Both WT and MCH1R KO mice have been shown to exhibit an increase in locomotor activity upon transition to a MHF diet (Zhou et al. [@CR21]), but the effect on VO~2~ was not reported. Our results show no significant difference in the VO~2~ of MCH1R KO mice upon exposure to high-fat diet. This is surprising especially since mice lacking ppMCH exhibit a higher VO~2~ and a higher locomotor activity after 24 h of high-fat diet than WT mice (Kokkotou et al. [@CR10]). It may, however, be explained at least in part by our RER results. RER values represent the energy fuel that animals use. High RER indicates increased utilization of carbohydrates for energy consumption whereas low RER indicates increased utilization of fatty acids. Therefore, high RER values in animals lead to increased risk of weight gain. Transition to HF diet usually decreases RER values to increase fat oxidation so that animals do not gain weight. Our study shows that RER values of WT mice increased significantly during the first 24-h HF diet before decreasing during the 24--72 h of HF diet, as expected. On the other hand, the RER values of MCH1R KO mice subjected to the same paradigm are high on LF diet and gradually decrease when put on HF diet. They do not show the burst in increase in the first 24 h of HF diet as do the WT mice. This suggests that the MCH1R KO mice can increase fat oxidation more efficiently. This might also have contributed to the resistance to weight gain in MCH1R KO mice upon HF diet. This finding suggests that the MCH system can modulate fat/carbohydrate oxidation, especially when animals are acutely exposed to HF diet. This is in agreement with the studies that have reported that MCH1R antagonists induce significant weight loss than a pair-fed group (Huang et al. [@CR6]; Ito et al. [@CR8]). Ito et al. reported that chronic MCH1R antagonist treatments into DIO mice slightly increased fatty acid oxidation and reduced serum-free fatty acid level, but not triglyceride level (Ito et al. [@CR8]). These findings suggest that MCH1R signaling modulates fatty acid oxidation when animals are exposed to HF diet. Also, it has been reported that MCH1R KO mice have slightly lower triglyceride level than WT mice (77 ± 10 mg/dl for WT vs. 69 ± 6 mg/dl for MCH1R KO; Marsh et al. [@CR12]). We therefore predict that the reduced body weight gains of MCH1R KO mice upon HF diet might be accompanied by lower triglyceride/free fatty acid levels. Together, these data point at the MCH system as being involved in the adaptation of the organism to excess caloric consumption.

In summary, our experiments show that the endogenous MCH system has an important role in regulating energy homeostasis upon high-fat diet consumption. It, however, remains to be described how the MCH system regulates these processes.
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